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1

SPHERICAL FOCUSING METHOD AND

APPARATUS FOR DETERMINING THE

THICKNESS OF A ZONE IN AN EARTH
FORMATION TRAVERSED BY A BOREHOLE

This is a continuation, of application Ser. No. 324,906
filed Jan. 19, 1973, now abandoned.

BACKGROUND OF THE INVENTION

This invention relates to well logging methods and
apparatus for investigating subsurface formations tra-
versed by a borehole and more particularly to methods
and apparatus using electrode systems for determining
the average lateral thickness of a zone in the borehole.

When drilling a well, it is customary to use drilling
mud containing fine, solid particles in suspension. As
the hydrostatic pressure of the mud column is generally
higher than the internal pressure of the formations, this
mud has a tendency to penetrate into the permeable
formations. A mudcake then forms along the wall of the
borehole while the filtrate penetrates into the permeable
layers, driving out at least partially, the fluid initially
contained in these formations. On the other hand, there
is practically no mudcake at the level of the imperme-
able formations into which the mud filtrate does not
penetrate. Therefore, knowledge of the presence or
absence of this mudcake allows the permeable layers to
be differentiated from the impermeable layers.

Moreover, knowing the mudcake thickness makes it
possible to determine its influence on the well logging
measurements carried out in the borehole. When the
mudcake thickness is large, the response of a pad
mounted well logging apparatus having a small lateral
investigation depth is influenced by the characteristics
of this mudcake. A correction may be required in order
to obtain the actual characteristics of the formation. In
certain cases, the error introduced by the presence of
the mudcake may be sufficiently great so as to make the
measurements ususable. It is thus very important to
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determine whéther or not the mudcake exceeds a given 40

thickness beyond which a measurement is uncertain and
requires correction. In addition, if the mudcake thick-
ness 18 known with sufficient accuracy, it is possible to
correct the measurement and thereby increase the utili-
zation range of a given apparatus.

Various apparatus have been used to obtain informa-
tion on the mudcake. One of these, described in U.S.
Pat. No. 3,462,678 comprises a system of electrodes
mounted on a pad. A survey current is emitted into the
formation and the resistivities of two formation zones of
different lateral thickness are measured. The resistivity
of the zone nearest the borehole is influenced in particu-
lar by the presence of the mudcake while the resistivity
of the second zone which extends deeper into the for-
mation i8S relatively less sensitive to the presence of the
mudcake. Processing circuits generate a signal indica-
tive of the difference or of the ratio of these two resis-
tivities, thereby providing information on the presence
or absence of mudcake and an estimation of its thick-
ness.

The measurement obtained using this technique,
however, is not very sensitive to the thickness of the
mudcake when this thickness is relatively large. Fur-
thermore, these measurements are generally influenced
by the contrast between the resistivity of the mudcake,
R ycand the resistivity R,,, of the zone into which the
filtrate has penetrated. It is then necessary to introduce

2

which factor can only be approximate owing to the fact
that the thicker the mudcake, the more difficult it is to
obtain the value, R,,.

It is also useful to know the average diameter of the
borehole. This makes it possible to determine, in partic-
ular, the influence of the drilling mud and of the size of
the borehole on the well logging measurements. In the
past, the diameter of the borehole has been obtained by
an apparatus equipped with articulating arms which are
applied against the wall of the borehole. The spreading
of these arms gives a measurement of the borehole di-
ameter. |

Recently, well logging with electrodes of a new type,
sometimes referred to as “spherical focussing” appara-
tus have been made. They are described in U.S. Pat. No.
3,760,260 1ssued Sept. 18, 1973 to N. Schuster and as-
signed to the same assignee as this application. In this
system, current electrodes associated with A.C. genera-
tors emit a main current I, and an auxiliary current I,
from a central electrode. One of the current generators
is controlled by a control loop connected to two poten-
tial electrodes so that the auxiliary current forces the
main current {0 penetrate into the formation. The ratio
of the main current I, to the potential difference E,
measured between two potential electrodes give a mea-
surement of a conductivity of a formation zone, which .
measurement is only slightly influenced by the resistiv-

ity of the zone (mud or mudcake) located between elec-
trodes and the formation.

SUMMARY OF THE INVENTION

The invention relates to methods and apparatus for
investigating earth formations and in particular to meth-
ods and apparatus of the “spherical focusing” type for
determining the average lateral thickness of the zone in
the borehole.

In accordance with the invention, main and auxiliary
currents are emitted into the media surrounding an
electrode supporting structure suspended in a borehole
which has been drilled into the formation. First and

- second signals representative of the main and auxiliary
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a correction factor dependent on the ratio, R, /R, |

currents are produced and then combined to produce an
output signal representative of the average lateral thick-
ness of a zone in the formation.

In one embodiment of the invention, the average
lateral thickness of the zone in the borehole, Z,, is ob-
tained by combining the derived measurements in ac-
cordance with the relationship:

Log Z,= E Log I,/I, + FLog R/R, + G

where E, G and F are constants, R, is a predetermined
resistivity of the zone between the electrodes and the
formation, R, is the resistivity of a portion of the forma-
tion and /; and I, are the auxiliary and main currents
respectively. The zone consists either of the borehole
mud in which case the average lateral thickness Z,cor-
responds to the borehole diameter, d;, and R, is the
resistivity of the borehole mud, R,, or of the mudcake
on the borehole wall in which case the average lateral
thickness Z,corresponds to the average thickness of the
mudcake #4,,., and R, is the resistivity of the mudcake
R,

For a better understanding of the present invention,
together with other and further objects thereof, refer-
ence 1s had to the following description taken in con-
nection with the accompanying drawings, the scope of
the invention being pointed out in the appended claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram of the embodiment of a mandrel

mounted apparatus according to the invention giving an
indication of the diameter of a borehole.

FIG. 2 is a schematic representation showing in
greater detail a portion of FIG. 1.

F1G. 315 a flow diagram representative of a computer
program for determining the diameter of a borehole.

FIG. 4 1s a diagram of a pad mounted apparatus ac-
- cording to the mventlon for determining mudcake

thickness.
FIG. 5 is a flow diagram representation of a eomputer

program for determining mudcake thickness.

DESCRIPTION OF THE PREFERRED
EMBODIMENT o

Referring now to FIG. 1 there is shown a mandrel-
- mounted resistivity measuring device of the spherical
- focusing type which in accordance with the invention is
- useful in determining borehole diameter. The device 106
is suspended at the end of cable 12 in borehole 14 which
has been drilled in earth formation 15. The device can
be moved within the borehole in a2 conventional manner
by reeling and unreeling cable 12 by means of a winch
(not shown) located at the earth’s surface. The borehole
diameter is designated d,. The device further comprises
-a body member 16 whose upper part 18 contains electri-

cal circuits which will be described in greater detail

below and 1s lower part 20, made of an insulating mate-
rial; which carries, from top to bottom, annular elec-
trodes M, M, A, M,, A, M',, A"y, M'y, and M',. The
electrodes M',, A';, M'; and M/, are respectlvely con-
nected to the electrodes M, A, Ml and M, so as to form
a symmetrical system in relation to electrode A, The

J

4
ing circuit 46 will be described in greater detail below.

‘The signal from processing circuit 46 is applied to re-
corder 48 which is driven by wheel 50 in tangential

friction with cable 12. Thus the borehole diameter is
recorded as a function of depth. In addition, since the

signal derived from conductor 44 is representative of

- the conductivity of the formation, recorder 48 can si-

10

multaneous record the formation conductivity as repre-

“sented by line 51.

‘Alternatively, the output signals from detectors 38
and 40 can be applied to a digital tape recorder 52

~ which is driven be wheeel 50. The digital tape recorder
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upper part 18 of the body member comprises current-

return electrode B. o

‘The electrodes are connected to the electronic cir-
“cuits located in the upper part 18 of body member 16
which 1s shown for greater clarity within the dotted

- lines 22. The electronic circuits comprise oscillator 24

which generates a constant alternating voltage E at the
terminals of the secondary of transformer . 26. Elec-

trodes M, M,’ and M,, M’, are connected to the inputs

of a high-gain differential amplifier 28 whose outputs.

are connected respectively to electrode B and to elec-
trode A, via resistor 30 of small value. Amplifier 28
delivers main current I, which flows between electrodes
A, and B. Another high-gain differential amplifier 32
whose inputs are connected to electrodes M,, M’, and

M;, M'; via the secondary of transformer 26 delivers

auxiliary current I, which flows between electrodes A,
and A,, A'|. A low value resistor 34 is connected be-
tween the amplifier 32 and the electrode A,. The input

of amplifier 36 1s connected across resistor 34 to mea-.
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sure auxiliary current I;. The output of amplifier 36 is

connected to a synchronous detector 38. Likewise, the
terminals of resistor 30 are connected to the inputs of
~amplifier 38 for measuring the main current I, The

output signal of the amplifier 38 is applied to a synchro-

60

‘nous detector 40. The reference voltage from oscillator -

24 is also applied to detectors 38 and 40.

The output signals of the detectors 38 and 40 are dc
voltages which are representative respectively of cur-
rents I; and 1I,. These signals are applied via conductors
42 and 44 of cable 12 to a processing circuit 46 which
gives two output signals representative of the average
~ diameter d, of the borehole. The operation of process-

65

- tance of the mud between these electrodES_ which is
equal to

converts the signal to dlgltal form for recording on
magnetic tape. The tape is then carried to a digital com-

puter 54 or the data is transmitted to the computer via
telemetry link. The computer is programmed to provide
an output signal representative of the average borehole
diameter. | S
Briefly, in the eperatlon of spherical fecusmg type
resistivity device, main current I, and auxiliary current
I, are emitted from electrode A into the media sur-
roundlng the electrode structure. The media comprises

the mud in the borehole and the formation surrounding

the borehole. A first control loop which in FIG. 1 com-
prises high-gain amplifier 28 supplies main current I, to
maintain a zero potential difference between electrodes
M,;, M, (and M’';, M';). A second control loop compris-
ing high-gain amplifier 32 supplies auxiliary current I, to
maintain a constant potential E, between electrodes M,
Ml (and Mfﬂ, M’I) .

By maintaining zero potential gradlent between elec-
trodes M, and M, no current will flow through the
borehole in the direction parallel to the borehole axis in
the vicinity of electrodes M,, M, and M';, M’,. Since the

-auxihiary current return electrodes, A, A’; are closer to

electrode A, than the points of zero potential gradient .
and the auxiliary current return electrode B, is further
from electrode A,than the points of zero potential gra-
dient, the auxiliary current will flow primarily within
the borehole and force the main current to flow primar-
ily in the formation. Therefore by measuring the main
current, the resistivity of the formation can be deter-
mined. For a more detailed description of the operation
of the sperhical focusing-type electrode device refer to
copending U.S. patent application Ser. No. 247,076,
filed on Apr. 24, 1972 by Schuster.

- If it is assumed that I, flows only in the formation and
that I, flows only in the borehole, the value of the resis-
t1v1ty R of the formation zone through which I flows is
given by

Vs

: (1)

_— VMI
Ry= K=

where K is a prdetermined constant dependent upon the
electrode configuration of the apparatus and Vu, and
VM1 are the potentials of electrodes M, and M, respec-
tively. The potential difference V,, -V, is equal to E,,

therefore equatlon 1 can also be wntten as' R, = K
(E/I,). Since E, is maintained at a known constant

- value, the magnitude of R,1s inversely proportional to

the measured value of I, hence the value of I,is a mea-
sure of the conductivity of the formation.

‘Assuming a cylindrical flow of auxiliary current in
the borehole between electrodes M, and 4, the resis-
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VMa - VMI
Il

where V 4,18 the potential of the A, electrode is given by
the following equation:

VMa - VAI _ .:-Rm | | (2) :
Il | Wdﬁz |
4

5

10

where c¢ is a porportionality constant and R, is the resis-

tivity of the mud in the borehole. It is known that in an
apparatus of this type, the magnitude of the potential at
the M, (and M’, electrode) is approximately equal to the
magnitude of the potential at the A;(and A')) electrode
therefore equations 1 and 2 can be combined and solved
for d;, where:

Rm Il |
R, 1,

dﬁz (3)

4c
T

and since 4 (cCK/7) is constant, it can be replaced by the

constant C and equation 3 can be rewritten in the fol-
lowing form:
v L 1. R, ¢ )
Logd,,=-5-Logf _TLOS—E,,_ + 5

Equation 4 represents a formula from which the mag-
nitude of the borehole diameter d,can be determined. It
has been found in practice, however, that the assump-
tions made in deriving equation 4 do not always occur.
For example, there 1s not always a cylindrical flow of

I, in the borehole. Therefore, equation 4 can be rewrit-
ten in a more general form:

()

I, . R, |
Lﬂgdh=ALogT-+BLogT + C
o mn

where A, B and C are constants which are dependent
upon a particular electrode configuration of the appara-
tus. The values for constants A, B and C to be used in
determining the borehole diameter can be predeter-
mined for an apparatus with a particular electrode con-
figuration by computing known responses of the appa-
ratus with the particular electrode configuration for
various borehole diameters and ratios of formation re-
sistivities R,to to mud resistivity, R,,. For each consid-
ered borehole diameter and ratio of R,/R,, values for
R.,/R,, and 1,/1, are computed. These values are then

used in equation 5 to obtain simultaneous equations

involving A, B and C as unknowns. The values of A, B,
and C are determined using well known mathematical
techniques as those giving the best average resulits.
Referring now to FIG. 2 there is shown in greater
detail processing circuit 46. As shown, the outputs of
detectors 38 and 40, I, and I, are applied to divider
circuit 60. The output I,/1, of divider circuit 60 is ap-
plied to logarithmic amplifier 62, the output of which is
multiplied by the predetermined constant A in multi-
plier circuit 64. The signal I,is also applied to divider
circuit 66 wherein the predetermined constant KE, is
divided by I,. The output of divider circuit 66 is there-
fore equal to the resistivity R,. That signal is then ap-
plied to divider circuit 68, the output of which R /R, is

applied to logarithmic amplifier 70. The output of am-
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6

plifier 70 is multiplied by the predetermined constant B
in multiplier circuit 72. The outputs of multiplier circuit
64 and 72 and the predetermined constant C are added
in summing circuit 74 which provides the output signal
representative of log dj, to the recorder. In addition, the
output signal from summing circuit 74 can be applied to
an anti-logarithmic circuit 76 to provide a signal repre-
sentative of the borehole d,. |

Values for log d,and dj, can also be obtained by use of
an appropriately programmed general-purpose com-
puter. Referring now to FIG. 3 there is shown a flow
diagram representation of a computer program. The
program 1s entered via block 80 and the constant param-
eter if R,,, E,, K, A, B and C are read, block 82. Next I,
and .1, for the first depth level is read, block 84. The
borehole diameter for the first depth level is then com-
puted using equation 3, block 86, after which decision
element 88 asks if this is the last depth level. If it is not,
NO answer the depth level is incremented, block 90 and
the program returns to block 84 to compute the bore-
hole diameter at the next depth level. After all the depth
levels have been considered, YES answer from decision
element 88, the values of log 4, and d;, for each depth
level are printed out, block 92 and the program exits,
block 94.

In addition to determining the borehole diameter, the
spherical focusing type electrode exploring device can
also be used to determine mudcake thickness. Referring
to FIG. 4, there is shown a pad mounted electrode
device which can be utilized for determining mudcake
thickness.

The device 100 is represented suspended on the end
of cable 102 in borehole 104. The mudcake 106 having
thickness 4,,. has been formed on the wall of the bore-
hole during drilling. The apparatus 100 can be moved
within the borehole in a conventional manner by reeling
or unreeling the cable by means of a winch (not shown)
located at the surface. The device comprises a body
member 108 whose upper part 110 contains electric
circuits which will be described later and whose lower
part 112 contains pads 114 and 116 articulated on the
body member by means of arms 118. The pads 114 and
116 are adapted to be applied aginst the wall of the
borehole 114, for example by the action of springs 120.
These pads may, generally be retracted along the body
member by the action of a conventional hydraulic sys-
tem (not shown) located in the upper part 110 of body
member 108. The apparatus 100 shown schematically in
FIG. 4 can be constructed according to the technique
described in U.S. patent application Ser. No. 52,869
filed on July 7, 1970 by Planche.

Pads 114 and 116 are measuring pads equipped with
current-emitting or current-return electrodes and po-
tential electrodes. Only the electrodes of pad 116 are
shown for simplicity. A first electrode A, is placed
substantially at the center of the pad with four other
electrodes M,, A,, M, and M, surrounding the central
electrode A at respective increasing distances from the
central electrode. These electrodes can, in particular,
have a retangular form such as shown and described in
the above referenced Schuster patent application. The
body member 108 comprises a current-return electrode
B.

These electrodes are connected to electric circuits
contained in the upper part 110 of body member 108
which 1s shown for greater clarity in the right-hand part
of FIG. 4. These circuits include oscillator 122 which
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provides a constant output voltage, E, across the pri-

mary of transformer 124. One terminal of the secondary
of transformer 124 is connected to electrode M,, the
‘other terminal to an input of a high gain differential
amplifier 126. The other input to amplifier 126 is con-
nected to the electrode M. One output of this amplifier
1s connected to the electrode A, and the other output to

a junction point 128. The electrodes M, and M, are

connected to the input of high-gain differential ampli-
fier 130 whose outputs are connected respectively to
the electrode B consisting of body member 108 and to
junction point 128 via resistor 132 of low resistance.
The electrode A, is also connected to junction point 128

via resistor 134 of low resistance. The ends of resistor

132 are connected to the inputs of an amplifier 136
whose output is applied to a synchronous detector 138.
The reference 51gnal from detector 138 comes from
oscillator 120 via a conductor 140. |
In operation, a main current I, and an auxlllary cur-
rent I, are emitted from electrode A, into the media
~ surrounding the electrode system. The media comprises
the mudcake on the borehole wall and the formation
relatively near the pad. A first control loop comprising
a high-gain amplifier 130 maintains a zero potential
~difference between electrodes M, and M, and a second
~ control loop comprising amplifier 126 maintains a con-
stant potential difference E, between the electrode M,
and the electrode M,. It wﬂl be noted that in a circuit
shown in FIG. 4, the amplifier 126 delivers a total cur-
rent (I; + I,) while amplifier 130 delivers the current I,
- although the latter is connected between the electrodes
A, and B. The potential distribution set up in the bore-

10

8

- recorder 156 which is driven a function of depth by

wheel 158 in tangential friction with cable 102. A signal
derived from low pass filter 144 is also representative of
the conductivity of the formation near the borehole and
can be recorded simultaneously with the value of mud-
cake thickness, as represented by line 159.

Alternatively, the signals from rectifier 152 in low -

.pass filter 144 can be applied to a digital tape recorder

160 which is also driven as a function of depth. The data
from the magnetic tape can then be inputed to digital
computer 162 which is programmed to provide an out-
put representative of the mudcake thlckness of the bore-

~ hole.

15

20

By using an analysis sumlar to that used for the mea-
surements from a2 mandrel mounted electrode device, an

‘equation for mudcake thickness of the following form

can be derived:

Loghm-dLogIl/I +;BLogRa/R +y 6
where o, 8 and ¥y are constants, R,,.is the resistivity of -
the mudcake which can be measured or is predeter-
mined by the log analyst and R, is the resistivity of the

- portion of the formation through which I, flows. Values

25

30

hole causes auxiliary current I, to flow primarily in the

mudcake thereby forcing mam current to ﬂow in the
formation.
Amplifier 136 dehvers an AC signal representatlve of

35

the main current I, which is rectified in a synchronous

detector 138. As the voltage between the electrodes M,
and M, is kept constant and equal to E,, the DC voltage
appearing at the output of detector 138 is proportional 40
to the ratio E,/I,; i.e. representative of the conductivity
of the formation traversed by the main current I. Since
I, flows pmnanly in the formation, the output voltage of
detector 138 is relatively uninfluenced by any mudcake
which is located between the pad and the permeable
formation.

In addition, measurement amphﬁer 142 whose input
is connected across resistor 134 provides an output
signal representative of the auxiliary current I,. The
output signals of detector 138 and amplifier 142 are
- transmitted to the surface via a single conductor 144 of
cable 102. The two signals I,and I, are separated on the
surface by a low-pass ﬁlter 144 and a high-pass filter

150. The output of the high-pass ﬁltcr 1S connected toa

rectifier 152.

To improve the accuracy of the measurement it is
possible to replace rectifier 152 by a synchronous detec-
tor so that only the component of the auxiliary current
I, in phase with voltage E,is transmitted to the surface.
The use of a synchronous downhole detector, however,
would require two conductors for transmitting Il and
I, to the surface since both would then appear in the
form of DC voltages |

The output of low pass filter 144 and rectlﬁer 152 are
connected to a processing circuit 154, similar to pro-
cessing circuit 46, which provides two output signals

representative of the mudcake thickness, #4,,. The out-
put signals from processing circuit 154 are applied toa
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of a, B, and vy are predetermined from the known re-

sponse of electrical device having a particular electrode
configuration using the same techniques as described in
connection with determining constants A, B and C for

- the mandrel mounted device.

~ Values of 4,,. and log A, are obtained from process-
ing circuit 154 which is identical with processing circuit

46 shown in FIG. 2, with the exception of the input

constants. Thus constant multipliers inputed to multipli-

ers 64 and 72 are changed from A and B to a and 88

respectively. The constant C introduced into the sum
circuit 74 is replaced by ¥ and R,, introduced into the
divider circuit 68 is replaced by R,,.. With these excep- -
tions, the operation of processing circuit 154 is the same
as that of processing circuit 46 which has been previ-
ously described. The output of the processing circuit
40 154 are log A, and A, which are applled to recorder
156.

Alternatively, digital computer 162 can be pro-

grammed to provide an output of log A, and A, for

each depth level. The program is similar to that shown
in FIG. 3 for determmmg the borehole diameter. A
flow diagram representation of the program is shown in
FIG. §. Referring to FIG. 5, the program is entered via
block 170 after which the constant parameters are read,

block 172. Next, the first level of data, I, and 1,is read,
block 174. As represented by block 176, log 4,,.is com-
puted using equation 6 and from that h'm 1S computed.

- Decision element 178 next asks if this is the last depth
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level and if not, the depth level is incremented, block
180 and the program returns to block 174 to process the -
next level of data. After all the depth levels have been

processed, the program prints out log 4, and A, for
each depth level block 182 and the program exits, block

- 184,

As can be seen from the above descnbed examples,
the invention can have many variations. Thus, the elec-
tronic circuits for the mandrel-mounted and pad-

- mounted devices can have either of the configurations
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described herein. Other embodiments are described in
the above Schuster patent application. In addition to the
“constant voltage E,” or “constant main current I,”
systems, it is possible to conceive of other systems in

which, for example, the auxiliary current I, is kept con-
- stant. The first and second signals would then be respec-
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tively representatwe of E,and I, the resistivity being
obtained by calculating E,, from I,and the values of Io
and I, being used to compute the desired parameter in
either borehole diameter or mudcake thickness. It is also
possible to keep the total current (I, + I,) constant or to
maintain a relationship between I, and E(for example
E, or I, are equal to constant) or even relanonshlp
between I, and EO.

What I claim is:

1. An apparatus for mvestlgatlng earth formations
traversed by a borehole comprising:
(a) means for supporting a plurality of electrodes
- adapted for movement in the borehole, the elec-
trodes comprising at least one current-emitting
electrode adapted for emitting current into the
borehole and a plurality of potential measuring
electrodes;

4 0'37, 740
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(b) means for emitting a main current and an auxiliary

current from said current-emitting electrode;

(c) a first control loop for maintaining a first potential
difference between two measure electrodes in one
portion of the borehole; |

(d) a second control loop for maintaining a.second
potential difference between two measure elec-

trodes in a second portion of the borehole; said first °

and second control loops arranged to produce
auxiliary current flow primarily in the borehole

- and main current flow primarily in the formation
surrounding the borehole;

(e) means for measuring the main current;

(f) means for measuring the auxiliary current;

(g) means for combining the measurements of the
main and auxiliary currents to produce a signal

- representative of the resistivity of a portion of the
formation; and

(h) means for combining said signals representative of
the main and auxiliary currents and the signal rep-
resentative of the resistivity of the portion of the
borehole to produce an output signal representa-
tive of the average lateral thickness of a zone in the
formation.

2. An apparatus for investigating earth formations

traversed by a borehole comprising: |

(a) means for supporting a plurality of electrodes
adapted for movement in the borehole, the elec-
trodes comprising at least one current-emitting
electrode adapted for emitting current into the
borehole, current return electrodes and a plurality
of potential measuring electrodes;

(b) means for emitting a main current and an auxiliary
current from sald at least one current-emlttlng elec-
trode;

(¢) means for adjustlng the potentlal difference be-
tween ‘selected potential measuring electrodes to
produce auxiliary current flows primarily in the

- media adjacent to the electrodes and main current
flow primarily in the formatmn surroundmg the
electrodes; -

(d) means for measuring sald main and auxﬂlary cur-

- rents;

(e) means for combining the measurments of the main
and auxiliary currents to produce a signal represen-

tative of the re51st1v1ty of a portlon of the forma-
tion; and

(f) means for combining the measurements of main .

- and auxiliary current with the signal representative

. of the resistivity to produce an output signal repre-
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sentative of the average lateral thickness of the
“zone of the formation.
- 3. A method for investigating subsurface earth forma-
tions traversed by a borehole comprising: .

(a) moving a plurality of electrodes through the bore-
hole, the electrodes including at least one current-
emitting electrode adapted for emitting current
into the media surrounding the electrodes and a
plurality of potential measuring electrodes;

(b) emitting a main current and an auxiliary current
from said current-emitting electrode;

(c) maintaining a first potential difference between
two measure electrodes in one portion of the bore-

- hole; .

'(d) maintaining a second potential difference between
two measure electrodes in a second portion of the
borehole, said first and second potential differences
cooperating to produce auxiliary current flow pri-
marily in the borehole and main current flow pri-
marily in the formation surrounding the borehole;

(e) measuring the main current;

- (f) measuring the auxiliary current;

(g) combining the measurements of the main and
auxiliary currents to produce a signal representa-
tive of the resistivity of a portion of the formation;
and,

(h) combining said slgnals representative of the main

~ and auxiliary currents and the signal representative
of the resistivity of the portion of the borehole to
produce an output signal representative of the av-
erage lateral thickness of a zone in the formation.

4. A method for investigating earth formations tra-

versed by a borehole, comprising:

(a) moving a plurality of electrodes through the bore-
- hole, the electrodes including at least one current-
emitting electirode adapted for emitting current
into the media surrounding the electrodes and cur-
rent return electrodes and a plurality of potential
measuring electrodes;

(b) emitting a main current and auxiliary current from
said at least one current-emitting electrode;

(c) adjusting the potential difference between se-
lected potential measuring electrodes to produce
auxiliary current flow primarily in the borehole
surrounding the electrodes and main current flow
- primarily in the formation surroundmg the bore-

~ hole;

(d) measuring said main and auxlhary currents;

(¢) combining the measurements of the main and
auxiliary currents to produce a signal representa-
tive of the re51st1v1ty of a pOI’thIl of the formation;
and,

(f) combining the measurements of the main and aux-
iliary currents with the signal representative of the
resistivity to produce an output signal representa-
tive of the average lateral thickness of a zone for-
mation.

5. An apparatus for mvestlgatlng earth formations

- traversed by a borehole comprising:
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(a) means for supporting a plurality of electrodes
adapted for movement in the borehole, the elec-
trodes comprising at least one current-emitting
electrode adapted for emitting current into the
borehole and a plurality of potential measuring
electrodes;

(b) means for supplying both survey and auxiliary
currents to said current-emitting electrode for
emission into the media surrounding the supporting
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means, said survey current returning to a first re-
turn electrode for return to the current supplying
means and said auxiliary current returning to at
least one return electrode located relatively near

said current-emitting electrode for return to the 5

current supply means; |

(c) means for measuring the potential at a plurallty of
points along said supporting means;

(d) means operative in response to the measured po-
tentials for adjusting one of the survey or auxiliary
currents to set up a given potential distribution in at
least a portion of the borehole whereby the auxil-
lary current will tend to force the survey current

10

into the formation; 15

(e) means for producing first and second signals func-
tionally related to the main and auxﬂrary currents;
and

(f) means for combining said first and second signals
to produce an output signal representative of the 5
average lateral thickness of a zone in the formation.

6. The apparatus of claim § further including means
for producing a third signal functionally related to the
resistivity of the formation and means for combining
said third signal with said first and second signals to 25
produce said output signal.

7. The apparatus of claim 6 wherein said output signal
- 18 representative of the borehole diameter.

8. The apparatus of claim § wherein said output 51gnal
1s representative of the mudcake thickness. - 30
- 9. A method of measuring a characteristic of earth
formations traversed by a borehole comprising:

(a) moving a plurality of electrodes through said
borehole, the electrodes including at least one cur-
rent-emitting electrode adapted for emitting cur- 35

- rent into the media surrounding the electrodes and
a plurality of potential measuring electrodes;

(b) supplying survey and auxiliary currents to at least
one of said electrodes for emission into the media
surrounding the electrodes, said survey current
returning to a first return electrode for return to the
current supply means and said auxiliary current
returning to at least one electrode which is rela-
tively near said at least one current-emitting elec-
trode for return to the current supply means;

(c) measuring the potential at a plurality of points
along said borehole;

(d) adjusting one of said survey or auxrhary currents
in response to said measured potentials to set up a 50
given potential distribution in at least a portion of
the borehole so that the auxiliary current will tend
to force the survey current into the formation;

(¢) producing first and second signals functionally
related to said main and auxiliary currents; and 55

(f) combining said first and second signals to produce
an output signal representative of the average lat-
eral thickness of a zone in the formation.

10. The method of claim 9 further including the step

of producing a third signal representative of the resistiv- 6o
ity of the formation and combining said third signal
with said first and second signals to produce sa:ld output
signal. -
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11. The method of claim 10 wherein said output sig-

nal is representative of the borehole diameter.

12. The method of claim ¢ wherein said output signal

is representative of the mudcake thickness.

- 13. An apparatus for mvestlgatlng earth formations

traversed by a borehole comprising:

(a) means for supporting a plurality of electrodes
adapted for movement in the borehole, the elec-
trodes comprising at least one current-emitting
electrode adapted for emitting current into the
 borehole and a plurality of potentlal measuring
electrodes;

(b) means for supplying both survey and auxiliary
currents to said current-emitting electrode for
emission into the media surrounding the supporting .
means, said survey current returning to a first re-
turn electrode for return to the current supply
means and said auxiliary current returning to at
least one return electrode located relatively near
said current-emitting electrode for return to the
current supply means;

(c¢) means for measuring the potential at a plurallty of
points along said suppertmg means;

(d) means operative in response to the measured po-

tentials for adjusting one of the survey or auxiliary
currents to set up a given potential distribution in at
least a portion of the borehole whereby the auxil-
1ary current will tend to force the survey current
into the formation;

() means for producing first and second signals func-

tionally related to the main and auxiliary currents
and
(f) means for combining said first and second srgnals
to produce an output signal functionally related to
the presence of mudcake on the borehole wall. |
14. A method of measuring a characteristic of earth

formations traversed by a borehole comprising:

(@) moving a plurality of electrodes through said

~ borehole, the electrodes including at least one cur-
rent-emitting electrode adapted for emitting cur-
rent into the media surrounding the electrodes and
a plurality of potential measuring electrodes;

(b) supplying survey and auxiliary currents to at least
one of said electrodes for emission into the media
surrounding the electrodes, said survey current
returning to a first return electrode for return to the
current supply means and said auxiliary current
returning to at least one electrode which is rela-
tively near said at least one current-emitting elec-
trode for return to the current supply means;

(c) measuring the potential at a plurality of points
along said borehole;

(d) adjusting one of said survey or au:uhary currents
in response to said measured potentials to set up a
given potential distribution in at least a portion of
the borehole so that the auxiliary current will tend
to force the survey current into the formation;

(e) producing first and second signals functionally
related to said main and auxiliary currents; and

(f) combining said first and second signals to produce
an output signal functionally related to the pres-

ence of mudcake on the borehole wall.
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